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KCNQ and KCNE Isoform-Dependent Pharmacology Rationalizes Native American Dual Use of Specific Plants as Both Analgesics and Gastrointestinal Therapeutics
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Indigenous peoples of the Americas are proficient in botanical medicine. KCNQ family voltage-gated potassium (Kv) channels are sensitive to a variety of ligands, including plant metabolites. Here, we screened methanolic extracts prepared from 40 Californian coastal redwood forest plants for effects on Kv current and membrane potential in Xenopus oocytes heterologously expressing KCNQ2/3, which regulates excitability of neurons, including those that sense pain. Extracts from 9 of the 40 plant species increased KCNQ2/3 current at –60 mV by ≥threefold (maximally, 15-fold by Urtica dioica) and/or hyperpolarized membrane potential by ≥-3 mV (maximally, –11 mV by Arctostaphylos glandulosa). All nine plants have traditionally been used as both analgesics and gastrointestinal therapeutics. Of two extracts tested, both acted as KCNQ-dependent analgesics in mice. KCNQ2/3 activation at physiologically relevant, subthreshold membrane potentials by tannic acid, gallic acid and quercetin provided molecular correlates for analgesic action of several of the plants. While tannic acid also activated KCNQ1 and KCNQ1-KCNE1 at hyperpolarized, negative membrane potentials, it inhibited KCNQ1-KCNE3 at both negative and positive membrane potentials, mechanistically rationalizing historical use of tannic acid-containing plants as gastrointestinal therapeutics. KCNE dependence of KCNQ channel modulation by plant metabolites therefore provides a molecular mechanistic basis for Native American use of specific plants as both analgesics and gastrointestinal aids.
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INTRODUCTION

The use of plants as medicines predates human history (Inskeep, 1969; Hardy et al., 2012; Weyrich et al., 2017). Indigenous peoples of North America have used thousands of plant species as medicines (Moerman, 2009). The Ohlone and Coast Miwok peoples inhabited for more than 10,000 years land in what is now Marin County, including dense redwood forest in the Redwood Creek watershed. The Coast Miwok managed the various environments in this area, from beach to grassland to forest, and were adept at utilization of plants for a variety of purposes, including as food and medicine (Heizer and Whipple, 1971; Bean, 1994).

In many cases, the mechanisms underlying the purported beneficial effects of traditional botanical medicines are unknown. Voltage-gated potassium (Kv) channels (Figure 1A) within the KCNQ (Kv7) subfamily were recently recognized as important targets for secondary metabolites found in medicinal plants used by indigenous peoples in areas including Africa, Asia, the Caribbean, and Latin America (Matschke et al., 2016; Manville and Abbott, 2018, 2019; Manville et al., 2019).
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FIGURE 1. Screening Muir Woods plant extracts for KCNQ2/3 opening activity. All error bars indicate SEM. n = number of oocytes. (A) Topological representation of a Kv channel showing two of the four subunits that comprise a channel. PH, pore helix. VSD, voltage sensing domain. (B) Image of area of Muir Woods from which plants were collected. (C) Screen of 40 Muir Woods plant extracts (1:50 dilution) showing their effects on EM (ΔEM compared to control) of Xenopus oocytes expressing human KCNQ2/3; n = 3–11 per extract. (D) Screen of 40 Muir Woods plant extracts (1:50 dilution) showing their effects on Xenopus oocytes-expressed KCNQ2/3 current at –60 mV (fold-change compared to control) n = 3–8 per extract. Columns colored according to key in panel (C). Inset: exemplar KCNQ2/3 tail current traces in bath solution (black) or with each of four of the KCNQ2/3-activating plants extracts in the screen (red), using the voltage protocol shown upper right. Arrow: time point on voltage protocol at which tail currents are measured. Dashed line here and throughout indicates zero current level.


Heteromeric KCNQ2/3 channels are considered the primary molecular correlate of the neuronal M-current, a subthreshold-activating Kv current that regulates neuronal excitability, with additional contribution from KCNQ3/5 and possibly homomeric KCNQ2, KCNQ3, KCNQ5, and other heteromeric KCNQ channels (Biervert et al., 1998; Singh et al., 1998; Wang et al., 1998; Tzingounis et al., 2010; Klinger et al., 2011). KCNQ2/3 channels are also expressed in nociceptive neurons and are candidate targets for pain medications (Du et al., 2018).

As well as their capacity to detect and activate in response to voltage changes across the cell membrane, KCNQ channels can also bind and open in response to small molecules, endowing them with some ligand-gating properties in addition to their primary classification as voltage-gated (Abbott, 2020). Direct binding of the anticonvulsant, retigabine, shifts the voltage dependence of KCNQ2/3 activation such that it can open at more hyperpolarized potentials, a property that diminishes seizure activity by disfavoring hyperexcitability (Main et al., 2000; Wickenden et al., 2000). A similar effect may underlie the pain-relieving effects of retigabine (Blackburn-Munro and Jensen, 2003; Abd-Elsayed et al., 2015; Abd-Elsayed et al., 2019). The neurotransmitter GABA can also bind to KCNQ3 and KCNQ5 subunits, in a similar binding pocket to that of retigabine (Schenzer et al., 2005; Lange et al., 2009), suggesting an evolutionary basis for ligand sensitivity of KCNQ channels via the retigabine binding pocket (Manville et al., 2018; Manville and Abbott, 2020). GABA binding also increases channel activity at subthreshold potentials, reducing cellular excitability (Manville et al., 2018). Furthermore, a variety of plant secondary metabolites can each occupy the retigabine/GABA binding pocket, an effect that provides a mechanistic basis for the anticonvulsant and vasorelaxant effects of some medicinal plants (Matschke et al., 2016; Manville and Abbott, 2018, 2019; Manville et al., 2019).

Here, we used electrophysiological assays to screen for KCNQ2/3 activating properties a random sample of 40 plant extracts from Californian coastal redwood forest. We demonstrate a striking link between KCNQ isoform-specific modulatory activity and historical usage as both folk medicine analgesics and gastrointestinal aids, confirm efficacy and KCNQ dependence in a mouse pain model, and identify effects and their molecular mechanisms of constituent compounds tannic and gallic acid on KCNQ channels, as molecular correlates of the plants’ analgesic and gastrointestinal effects.



MATERIALS AND METHODS


Plant Collection and Preparation of Plant Extracts

Plant samples comprising aerial portions (primarily leaves) were collected July 1–3, 2019 from Muir Woods National Monument under permit # MUWO-2019-SCI-0003, refrigerated for several days during the collection period and then frozen until the day of extraction. We homogenized samples using a bead mill with porcelain beads in batches in 50 ml tubes (Omni International, Kennesaw, GA, United States). We then performed methanolic extractions (80% methanol/20% water) on the homogenates for 48 h at room temperature, with occasional inversion of the bottles to resuspend the extracts. The extracts were then filtered through Whatman filter paper #1 (Whatman, Maidstone, United Kingdom), and then the methanol was removed by evaporation in a fume hood for 24–48 h at room temperature. We next centrifuged extracts for 10 min at 15°C, 4000 RCF to remove the remaining particulate matter, followed by storage at –20°C. On the day of electrophysiological recording, we thawed the extracts and diluted them 1:50 in bath solution (see below) immediately before use.



Channel Subunit cRNA Preparation and Xenopus laevis Oocyte Injection

As previously described (Manville and Abbott, 2018), we generated cRNA transcripts encoding human KCNQ1, KCNQ2, KCNQ3, KCNE1, and KCNE3 by in vitro transcription using the mMessage mMachine kit (Thermo Fisher Scientific), after vector linearization, from cDNA sub-cloned into plasmids incorporating Xenopus laevis β-globin 5′ and 3′ UTRs flanking the coding region to enhance translation and cRNA stability. We injected defolliculated stage V and VI X. laevis oocytes (Xenoocyte, Dexter, MI, United States) with KCNE (2 ng) and KCNQ cRNAs (10 ng, KCNQ1; 1.5–5 ng, wild-type and mutant KCNQ2/3). We incubated the oocytes at 16°C in ND96 oocyte storage solution containing penicillin and streptomycin, with daily washing, for 2–3 days prior to two-electrode voltage-clamp (TEVC) recording.



Two-Electrode Voltage Clamp

We performed TEVC at room temperature using an OC-725C amplifier (Warner Instruments, Hamden, CT) and pClamp10 software (Molecular Devices, Sunnyvale, CA) 2–3 days after cRNA injection as described in the section above. For recording, oocytes were placed in a small-volume oocyte bath (Warner Instruments) and viewed with a dissection microscope. We sourced chemicals from Sigma-Aldrich, St. Louis, MO. We studied effects of plant extracts and of compounds previously identified in Arbutus, Arctostaphylos, Polystichum, and Urtica sp. leaf extracts, solubilized directly in bath solution (in mM): 96 NaCl, 4 KCl, 1 MgCl2, 1 CaCl2, 10 HEPES (pH 7.6). We introduced extracts or compounds into the oocyte recording bath by gravity perfusion at a constant flow of 1 ml per minute for 3 min prior to recording. Pipettes were of 1–2 MΩ resistance when filled with 3 M KCl. We recorded currents in response to voltage pulses between –80 and +40 mV at either 10 or 20 mV intervals from a holding potential of –80 mV, to yield current-voltage relationships and examine activation kinetics. We analyzed data using Clampfit (Molecular Devices) and Graphpad Prism software (GraphPad, San Diego, CA, United States), stating values as mean ± SEM. We plotted raw or normalized tail currents versus prepulse voltage and fitted the points with a single Boltzmann function:
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where g is the normalized tail conductance, A1 is the initial value at –∞, A2 is the final value at +∞, V1/2 is the half-maximal voltage of activation, and Vs the slope factor.



Cell Culture and Transfections

Chinese Hamster ovary (CHO) cells were grown in cell culture flasks in DMEM with 10% fetal bovine serum and 1 % penicillin and streptomycin in a humidified incubator at 37°C (5% CO2). Cells were passaged every 3 days and discarded after ∼30 passages. For transfection, we used TrasnIT-LT1 (Mirus Bio LLC, Madison, WI, United States) with Opti-MEM Reduced Serum Medium. CHO cells were plated on 24 well plates on plastic coverslips and transfected 24 h later using 0.5 μg each of human KCNQ2, human KCNQ3, and eGFP cDNA (to identify transfected cells).



Whole-Cell Patch Clamp

Patch-clamp electrophysiology experiments were performed as before (Manville et al., 2018; Harkcom et al., 2019; Tedeschi et al., 2021) on CHO cells at room temperature (22–25°C). Using a whole-cell patch configuration under voltage-clamp conditions, data were obtained with an Axopatch Multiclamp 700A apparatus digitized and analyzed using pClamp 9.2 (Axon Instruments, Forster City, CA), together with Graphpad Prism 9 (Graphpad; La Jolla, CA, United States). The pipettes were pulled from borosilicate glass capillaries (World precision Instruments) using a P-97 micropipette puller (Sutter Instruments, Novato, CA) and had a resistance of 3–5 MΩ when filled with solution containing (in mM): 90 K acetate, 20 KCl, 40 HEPES, 3 MgCl2, 1 CaCl2, 3 EGTA-KOH, 2 MgATP; pH adjusted to 7.2 with KOH. The CHO cells were continuously perfused at 1–2 ml/min with extracellular bath solution containing (in mM): 135 NaCl, 5 KCl, 5 HEPES, 1.2 MgCl2, 2.5 CaCl2, 10 glucose; pH adjusted to 7.4 by NaOH. All chemicals were purchased from Fisher Scientific (Hampton, NH) or Sigma-Aldrich. Tannic acid was added to the extracellular bath solution at concentrations between 1 and 10 μM. CHO cells were held at –80 mV, and 1 s voltage pulses were applied between from –80 to +40 mV in 20 mV increments, each followed by a 400 ms tail pulse to –30 mV, using a CV –7A Headstage (Axon Instruments, Forster City, CA). Currents were sampled at 10 kHz and filtered at 5 kHz via a Bessel low-pass filter. Channel voltage dependence was evaluated by fitting the tail current activation curves to a Boltzmann equation.



Formalin Paw Lick Assay

Adult, male C57BL/6 mice (Charles River, Wilmington, MA) were group housed under a 12-h light:dark cycle and allowed access to food and water ad libitum. Mice were tested in the formalin paw lick assay between 9 and 12 weeks of age. The mouse study was performed under an approved Institutional Animal Care and Use Committee protocol at the University of California, Irvine.

The plant extracts prepared as described above were diluted in sterile saline and titrated to pH 7.4. The KCNQ antagonist XE991 dihydrochloride (Alomone Labs, Jerusalem, Israel) was prepared in sterile saline. The dilutions used for in vivo testing were estimated from the concentration required to modulate electrophysiological responses in KCNQ2/3 channels expressed in CHO cells. Experimental solutions were prepared by combining neutral buffered formalin (Sigma-Aldrich, St. Louis, MO) with the diluted plant extract, resulting in a final solution containing 2.5% formalin and 1:250 plant extract. The solution for the antagonist experiments contained 2.5% formalin, 1:250 plant extract and 10 μM XE991. The vehicle control solution was prepared by combining formalin with sterile saline, resulting in a final solution with only 2.5% formalin. All solutions were prepared fresh daily. Morphine sulfate (Spectrum Chemical, Gardena, CA) was used as a positive control and was dissolved in sterile saline at 0.5 mg/ml. Morphine was administered subcutaneously 15 min prior to formalin with an injection volume of 10 ml/kg (5 mg/kg).

Mice were habituated to the procedure room in their home cages for at least one hour prior to testing. Mice that received the 5 mg/kg morphine treatment were dosed subcutaneously 15 min prior to formalin injection. Either 2.5% formalin alone, 10 μM XE991 alone, 2.5% formalin with 10 μM XE991, 2.5% formalin with 1:250 plant extract, or 2.5% formalin with 1:250 plant extract and 10 μM XE991 was injected into the dorsal surface of the left hindpaw and then the animal was immediately placed in a large, clear polymethylpentene beaker for observation. The amount of time spent licking the injected paw was recorded in 5-min bins over 50–60 min by individuals blinded to the treatment received.



Chemical Structures and silico Docking

For in silico ligand docking predictions of tannic and gallic acid binding to KCNQ2/3 we performed unguided docking using SwissDock with CHARMM forcefields (Grosdidier et al., 2011a,b) and a chimeric human neuronal KCNQ/Xenopus KCNQ1 cryo-electron microscopy model as previously described (Manville et al., 2018).



Statistical Analysis

All data are presented as mean +SEM; all p values were two-sided. One-way ANOVA was applied for electrophysiological analyses. For the paw lick assay: the early phase of the formalin paw lick was defined by the first 5-min time bin. The late phase of the formalin paw lick was defined by the 10–50- or 10–60-min time bins. The statistical significance of the early and late phase average bar figures was determined by one-way analysis of variance (ANOVA) with post hoc analyses using Dunnett’s or Bonferroni’s multiple comparison test as appropriate. The statistical significance of the time course figures was determined by two-way ANOVA with post hoc analyses using Dunnett’s or Bonferroni’s multiple comparison test as appropriate.



RESULTS


Functional Screening Against KCNQ2/3 of Californian Coastal Redwood Forest Plants

We collected aerial part samples (predominantly leaves) from Californian coastal redwood forest plants in Muir Woods National Monument (Figure 1B) then conducted methanol extraction (80% methanol/20% water) followed by evaporation of methanol to leave aqueous solutions. We tested effects of extracts from the first 40 plants collected, on human KCNQ2/3 channel activity using manual two-electrode voltage clamp (TEVC) electrophysiology in the X. laevis oocyte expression system, with 1:50 dilutions in bath solution of each extract. We screened both for shifts in resting membrane potential (EM) in unclamped, KCNQ2/3-expressing oocytes (Figure 1C) and the fold-change induced by the extracts in tail currents at –30 mV following a prepulse elicited by depolarization from –80 to –60 mV (Figure 1D).

As KCNQ2/3-dependent cell membrane hyperpolarization is expected to be the most important property for small molecules to KCNQ2/3-dependently reduce cellular excitability, we selected for further analysis the 9 plant extracts most effective at KCNQ2/3-dependent cellular hyperpolarization - Urtica dioica (Common Nettle), Gaultheria shallon (Salal), Arctostaphylos glandulosa (Eastwood Manzanita), Polystichum munitum (Western Sword Fern), Sisyrinchium bellum (Western Blue-Eyed Grass), Rosa gymnocarpa (Dwarf Rose), Arbutus menziesii (Pacific Madrone), Heracleum maximum (Common Cow Parsnip), and Hedera canariensis (Algerian Ivy). All hyperpolarized the membrane potential by at least –3 mV and comprised 7 of the top 10 extracts with respect to increasing KCNQ2/3 activity at –60 mV. In contrast, three extracts had no hyperpolarizing effect and instead induced mild to moderate depolarization of the cell membrane potential (by at least +2.5 mV) and were also studied further – Berberis nervosa (Oregon Grape), Polygala californica (California Milkwort), and Elymus californicus (California Bottlebrush Grass) (Figures 1C,D and Supplementary Table 1).



KCNQ2/3-Dependent Cellular Hyperpolarization Correlates With Traditional Use of Plant Extracts as Analgesics and Gastrointestinal Aids

All 9 of the plant species, extracts of which induced KCNQ2/3-dependent cell membrane hyperpolarization, are documented to have been traditionally used for analgesia and related indications, and also as gastrointestinal aids, by indigenous populations in North America (Balls, 1962; Moerman, 2009), or in the case of the non-native species, H. canariensis (until recently classified as a Hedera helix subspecies) by European populations (Grieve, 1971; Chiej, 1984; Bown, 1995). Note that U. dioica subspecies present in California (U. dioica ssp. gracilis and holoriceia) first arrived in the Pleistocene, thus we treat U. dioica here similarly to the other native plants. U. dioica ssp. dioica is not officially represented in California; it was, however, introduced to other parts of North America by European settlers in the 1800s and entered into widespread medicinal use by Native Americans after that (Baker et al., 1991; Borchers et al., 2000; Preston and Woodland, 2012; Santucci and Tweet, 2020).

We analyzed North American indigenous tribal use of all plants in the genus of each of the 8 KCNQ2/3-activating native species and the geographical location of the tribes, to permit comparison of historical medicinal use of genetically related plant species by geographically distinct populations. The analysis indicates that culturally and geographically distinct indigenous populations demonstrated, in many cases, similar uses of the plants in the genus of the KCNQ2/3 activators as analgesics, internal and external antirheumatics, dermatologic aids (including treatment of sores, rashes, and stings by insects or other plants), and burns (Figure 2; Balls, 1962; Moerman, 2009). In contrast, none of the three KCNQ2/3 inhibitors were reportedly used for these indications (Moerman, 2009). Furthermore, none of the eight KCNQ2/3-activating species used medicinally by Native Americans were in traditional use for two indications unrelated to KCNQ2/3 activity (classified as disinfectant and liver aid) (Moerman, 2009). Because individual species are often not widely geographically represented, the plant genus analysis permitted us to compare medicinal use of relatively closely related plants living in different habitats and in locations sufficiently far apart that use may have arisen independently in some locations. From this we deduced that independently discovered efficacy was at least partly a driver for medicinal use of the plants studied, versus solely tradition driving such use. This supported the hypothesis that the plants possessed efficacy in ameliorating the conditions for which they were used and validated the pursuit of molecular mechanistic analyses. A species-specific analysis showed similar patterns of medicinal use (Supplementary Table 1).
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FIGURE 2. Traditional medicinal usage of KCNQ2/3-activating plants. Geographical and tribal traditional medicinal usage of 8 native plant extract “hits” from KCNQ2/3 screening, categorized by plant genus as reported in Moerman (2009) to permit comparison of indigenous medicinal use of closely related plant species native to geographically distinct regions. Approximate locations of Native American tribes are indicated by plant usage symbols and tribe names. Note that many of the tribal lands constitute much larger areas than depicted by single labels or symbols. Muir Woods location indicated by green rectangle. Upper inset: Alaska and neighboring region (Tribal location sources in Supplementary Material).




Traditional Analgesics Increase KCNQ2/3 Activity at Hyperpolarized Potentials

Extracts from the plants traditionally used by Native Americans as analgesics, antirheumatics, or skin treatments for burns, stings and sores, augmented KCNQ2/3 channel activity. This was often observed as both a shift in the midpoint voltage dependence (V0.5) of activation to more negative potentials and an increase in current at hyperpolarized membrane potentials, e.g., for U. dioica, A. glandulosa, A. menziesii (Figures 1D, 3A,B,E and Supplementary Table 1). In other cases, an increase in current at hyperpolarized potentials was not accompanied by a shift in V0.5 of activation, because the slope of the latter changed, becoming shallower (e.g., G. shallon) (Figures 3B,E). In contrast, three of the Muir Woods plant aerial parts extracts not historically used for analgesics, antirheumatics, or skin treatments for burns, stings and sores (P. californica, B. nervosa, and E. californicus) mildly to moderately depolarized cell membrane potential, and either positive-shifted or did not alter KCNQ2/3 activation V0.5 (Figures 1D, 3C–E and Supplementary Table 1). Application of P. californica induced a leak component visible at the larger negative potentials (labeled lambda in Figure 3C) and positive potentials studied, the reversal potential of which was not consistent with a K+ current. The tail current, measured at –30 mV, showed no change at hyperpolarized voltages compared to control and we concluded that P. californica was relatively KCNQ2/3 inactive, and induced non-specific leak. In sum, traditional analgesic and related uses correlated well with ability to activate KCNQ2/3 channels at hyperpolarized potentials.
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FIGURE 3. Effects of Muir Woods plants on KCNQ2/3 channel voltage dependence. All error bars indicate SEM. n = number of oocytes. (A) Exemplar TEVC current traces for KCNQ2/3-expressing Xenopus oocytes in the absence (Control) or presence of 1:50 (in bath solution) plant extracts found to activate KCNQ2/3 at hyperpolarized potentials (n = 4–11). Upper inset, the voltage protocol used here and throughout the study (used with either 10 or 20 mV prepulse increments) unless otherwise indicated. (B) Mean tail current versus prepulse voltage, for traces recorded as in panel (A), for plant extracts found to activate KCNQ2/3 at hyperpolarized potentials (n = 5–11). (C) Exemplar TEVC current traces for KCNQ2/3-expressing Xenopus oocytes in the absence (Control) or presence of 1:50 (in bath solution) plant extracts found to not affect or to inhibit KCNQ2/3 currents at hyperpolarized potentials (n = 3–4). Dashed line here and throughout indicates the zero-current level. λ indicates leak induced by P. californica. (D) Mean tail current versus prepulse voltage, for traces recorded as in panel (A), for plant extracts KCNQ2/3 (n = 3–4). (E) Mean shift in midpoint voltage dependence of KCNQ2/3 activation (ΔV0.5) calculated from plots in panels (B) and (D). * P < 0.05; others, P > 0.05 (n = 3–11).




Traditional Analgesics KCNQ-Dependently Ameliorate Pain in Mice

The effects were next determined of local administration of plant extracts in the mouse formalin paw lick assay, in which pain/irritation is quantified by the frequency of paw licking following an injection into the paw of formalin, alone or with test materials or controls. Paw licking was quantified during early (0–5 min) and late (10–50/60 min) phases post-injection. The early phase is considered a model of acute pain in which the licking is due to the pain of the needle penetration and the formalin solution entering the subcutaneous space. The reaction to this type of acute pain subsides quickly. The late phase (the period of which greatly depends on the strain) is a model of inflammatory pain involving edema, heat and pain in the affected area (Shibata et al., 1989). We tested two plant extracts, A. menziesii and U. dioica, which increased KCNQ2/3 activity at hyperpolarized potentials and one plant extract, B. nervosa, which did not. None of the extracts affected paw licking during the early phase. Correlating with their effect on KCNQ2/3 activation voltage dependence, and indicative of an analgesic effect, A. menziesii and U. dioica extracts each reduced paw licking in the late phase; in contrast, B. nervosa extract did not change the amount of paw licking (Figures 4A–C). Importantly, the analgesic effects of A. menziesii, and U. dioica extracts were KCNQ-dependent, as they were inhibited by co-injection of the relatively KCNQ-specific antagonist, XE991 (10 μM) (Figures 4D–F). In contrast, XE991 did not cause irritation when administered alone, nor did it alter effects of formalin in the absence of plant extracts (Figures 4D–F), while morphine was an effective analgesic positive control (Figures 4A–C).
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FIGURE 4. Local administration of plant extracts in a mouse formalin paw lick model. All error bars indicate SEM. n = number of mice. Statistical analyses for all panels were by one-way ANOVA, except where indicated as two-way ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001. (A) Licking in the early (acute) phase of the formalin assay in the presence or absence of A. menziesii, U. dioica, B. nervosa, or morphine as indicated. (B) Average licking per 5-min time bin in the late (chronic) phase of the formalin assay. Arbutus (p < 0.01, n = 7), Urtica (p < 0.05, n = 9), and morphine (p < 0.01, n = 3–4) each significantly reduced paw licking in the late phase, while there was no difference with Berberis (p > 0.05, n = 8). (C) Time course by 5-min time bins for the formalin assay. In a two-way ANOVA comparing the late phase of formalin alone to formalin with plant extract, there was a significant main effect of treatment for Arbutus (p = 0.0087) and Urtica (p = 0.017), but not for Berberis (p = 0.61). (D) Licking in the early (acute) phase of the formalin assay. XE991 alone did not influence paw-licking, neither did it alter the effects of formalin. Similarly, neither of the plant extracts changed the amount of paw licking in the early phase regardless of the presence or absence of XE991. (E) Average licking per 5-min time bin in the late (chronic) phase of the formalin assay. XE991 alone did not influence paw-licking, neither did it alter the effects of formalin. In contrast, Arbutus (p < 0.05, n = 9) and Urtica (p < 0.01, n = 8) each reduced paw licking in the late phase. This effect was blocked by XE991 with both Arbutus and Urtica. (F) Time course by 5-min time bins for the formalin assay. In a two-way ANOVA comparing the late phase of formalin alone to formalin with plant extract, there was a statistically significant main effect of treatment for Arbutus (p = 0.0029) and Urtica (p = 0.0017), which in each case was inhibited by XE991. In contrast, XE991 had no effect alone and did not alter effects of formalin.




KCNQ2/3-Activating Compounds Provide a Plausible Molecular Basis for Analgesic Plant Effects

The five plants most effective at negative-shifting KCNQ2/3 activation V0.5 were A. menziesii, A. glandulosa, U. dioica, P. munitum, and H. maximum (Figure 3D). Prior analyses of A. menziesii and other Arbutus species leaf extracts (Kabadi and Hammarlund, 1963; Kouki and Manetas, 2002; Zitouni et al., 2020a,b) revealed tannic acid as a principal component, together with compounds related to quercetin, which we previously found to activate KCNQ2/3 (Redford and Abbott, 2020) (quercetrin, quercetin 3-β-D-glucoside and quercetin 3-O-α-L-arabinopyranoside), gallic acid, and avicularin. In addition, the glycosylated hydroquinone arbutin has been identified as the major abundant bioactive component in leaves of closely related Arbutus unedo (Kabadi and Hammarlund, 1963; Tenuta et al., 2019). Tannic acid and gallic acid are also abundant in Arctastaphylos (Panusa et al., 2015) and Polystichum species (Edwards and Vavasseur, 1831). U. dioica contains tannins, gallic acid, quercetin, quercetrin, quercetin 3-β-D-glucoside, and quercetin 3-O-α-L-arabinopyranoside, while lupeol is its most abundant sterol (Kregiel et al., 2018). We quantified the effects of the above compounds and also α-arbutin (each at 100 μM) on KCNQ2/3 activity and influence on EM, in Xenopus oocytes. Tannic acid increased KCNQ2/3 current at hyperpolarized potentials, and gallic acid to a lesser extent, while the other compounds had negligible effects (Figures 5A,B). At 100 μM, tannic acid negative-shifted EM of KCNQ2/3-expressing oocytes by ≥-5 mV, while the other compounds had no statistically significant effects (Figure 5C). The results recapitulated previously reported effects of tannic acid on KCNQ2/3 expressed in HEK cells and on native M-current in nociceptive neurons (Zhang et al., 2015).


[image: image]

FIGURE 5. Tannic and gallic acid but not other Muir Woods plant compounds tested activate KCNQ2/3. All error bars indicate SEM. n = number of oocytes. (A) Exemplar TEVC traces of oocyte-expressed KCNQ2/3 in the absence (Control) and presence of 100 μM concentrations of compounds in Muir Woods plant “hits” (n = 3–10). Upper inset: voltage protocol. Q3BDG, quercetin 3-β-D-glucoside; Q3OAP, quercetin 3-O-α-L-arabinopyranoside. (B) Mean tail current and normalized tail currents (G/Gmax) versus prepulse voltage relationships for the traces as in panel (A). (C) Scatter plot of unclamped membrane potential (EM) for Xenopus oocytes expressing KCNQ2/3. Statistical analysis by two-way ANOVA.


Tannic acid (50 μM) induced a constitutively active component at –80 mV in the KCNQ2/3 current expressed in oocytes, which was further increased at higher concentrations; concurrent with this was an inhibition at higher tannic acid concentrations of KCNQ2/3 current at more positive voltages, such that the I/V relationships at different tannic acid concentrations crossed over at around –60 mV (Figures 6A–C). At 500 μM, tannic acid increased KCNQ2/3 current tenfold at –70 mV but inhibited >twofold at –20 mV (Figure 6D). The tannic acid EC50 for KCNQ2/3 current augmentation in oocytes was 132 ± 163 μM at –70 mV (Figure 6E). Consistent with these effects, tannic acid hyperpolarized EM in KCNQ2/3-expressing oocytes at 50 μM and higher concentrations (Figure 6F). Tannic acid slowed the time-dependent component of KCNQ2/3 activation. Fitting of the KCNQ2/3 current at –40 mV (where currents are large yet slow enough to be accurately fitted with a double exponential component) revealed that tannic acid (100 μM) slowed by >twofold both the slow (1092 ± 386 ms, tannic acid; versus 464 ± 155 ms, control; n = 8–9; p = 0.01) and the fast (244 ± 86 ms, tannic acid; versus 93 ± 31 ms, control; n = 8–9; p = 0.11) components of activation, while not altering the relative amplitudes (A) of the two components (Afast/(Afast + Aslow): 0.171 ± 0.060, tannic acid; versus 0.166 ± 0.055, control; n = 8–9; p = 0.97). Despite the slowing of activation, because tannic acid induces an activation component that is time-independent (constitutive) at –80 mV, the sum effect is to increase KCNQ2/3 activity at hyperpolarized membrane potentials, and thus hyperpolarize the resting membrane potential. The constitutive component is readily observable in the tannic acid-treated oocyte trace in Figure 6A (and see Figure 7A).
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FIGURE 6. Tannic acid exerts dual effects on KCNQ2/3 channels expressed in oocytes. All error bars indicate SEM. n = number of oocytes. (A) Exemplar TEVC traces of oocyte-expressed KCNQ2/3 in the absence (control) and presence of tannic acid (250 μM). Upper right inset: voltage protocol. (B) Mean tail current versus prepulse voltage relationships for traces as in panel (A) at various tannic acid concentrations (n: control, 17; 10 μM, 5; 50 μM, 6; 100 μM, 10; 250 μM, 6; 500 μM, 3; 1 mM, 6). (C) Mean normalized tail currents (G/Gmax) versus prepulse voltage relationships for traces as in panel (A) at various tannic acid concentrations (n as in panel B). (D) KCNQ2/3 current fold-change versus voltage at various tannic acid concentrations for oocytes recorded as in panel (A) (n as in panel B). (E) Tannic acid dose response for KCNQ2/3 current increase at –70 mV for oocytes as in panel (D) (n as in panel B). (F) Scatter plot of unclamped membrane potential (EM) for cells as in panel (A) at various tannic acid concentrations (n as in panel B). Statistical analysis by one-way ANOVA. *p < 0.05; ***p < 0.001.
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FIGURE 7. Tannic acid is a potent activator of KCNQ2/3 channels expressed in CHO cells. All error bars indicate SEM. n = number of cells. (A) Exemplar whole-cell patch clamp traces of CHO cell-expressed KCNQ2/3 in the absence (control) and presence of tannic acid (10 μM). Upper inset: voltage protocol. (B) Mean tail current versus prepulse voltage relationships for traces as in panel (A) at tannic acid concentrations indicated in key below (n = 10). (C) Mean normalized tail currents (G/Gmax) versus prepulse voltage relationships for traces as in panel (A) at tannic acid concentrations indicated in key below (n = 10). (D) KCNQ2/3 current fold-change versus voltage at various tannic acid concentrations indicated in key above for cells recorded as in panel (A) (n = 10). (E) Tannic acid dose response for KCNQ2/3 current increase at –80 mV for cells as in panel (D) (n = 10).


The binding site for tannic acid in KCNQ channels was not previously reported. We therefore performed unbiased in silico docking, which predicted that tannic acid binds close to an arginine at the foot of S4, at the junction with the S4-5 linker (R213 in KCNQ2; R242 in KCNQ3) at the opposite end of the retigabine/GABA binding pocket from the S5 tryptophan residue that is essential for retigabine binding (W236 in KCNQ2; W265 in KCNQ3) (Figure 8A). To test this prediction, we compared the effects of tannic acid on wild-type KCNQ2/3 channels to effects on KCNQ2/3 with the S4-5 linker arginine mutated in both KCNQ isoforms (KCNQ2/3-RA/RA) and also on KCNQ2/3 channels with the S5 tryptophan mutated in both isoforms (KCNQ2/3-WL/WL) (Figure 8B). Comparing the ability of tannic acid to induce constitutive activation at –80 mV, a hallmark of its effects on KCNQ2/3 (Figure 6), we found that KCNQ2/3-WL/WL tannic acid sensitivity was similar to that of wild-type KCNQ2/3. In contrast, tannic acid was much less effective at inducing constitutive current at –80 mV in KCNQ2/3-RA/RA channels (Figure 8C). These findings were also reflected in normalized G/V curves for either mutant, although from these it was evident that tannic acid was still able to negatively shift the midpoint voltage dependence of KCNQ2/3-RA/RA activation (by –34.6 mV at 500 μM tannic acid, from –23.3 ± 1.5 mV at baseline to –57.9 ± 4.6 mV) (Figures 8D,E). The data are consistent with the docking prediction that tannic acid binds close to KCNQ2/3-R213/R242 and that this arginine residue is important for the ability of tannic acid to hold KCNQ2/3 open at hyperpolarized potentials, yet not essential for physical binding of tannic acid.
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FIGURE 8. Tannic acid and gallic acid in silico docking and mutagenesis. All error bars indicate SEM. n = number of oocytes. (A) In silico docking by SwissDock showing predicted binding pose for tannic acid in KCNQ2 (left, far view; right, close-up). Lower inset, sequence alignment of human KCNQ channel isoforms in the S4-5 linker and S5 regions. Alignment colors: Red, KCNQ3-R242 and equivalents; yellow, KCNQ3-W265 and its equivalents in KCNQ2, 4 and 5; Cyan, KCNQ1-L266. (B) Exemplar TEVC traces of oocyte-expressed wild-type and mutant KCNQ2/3 in the absence (control) and presence of tannic acid (100 μM). (C) Mean tail current after a –80 mV prepulse, normalized to maximal tail current, for wild-type and mutant KCNQ2/3 channels as in panel (B). Wild-type, n and source data as in Figure 6B; WL/WL, n = 5–6; RA/RA, n = 5–8, except 500 μM: n = 4. (D) Mean normalized tail currents (G/Gmax) versus prepulse voltage relationships for WL/WL traces as in panel (B) at various tannic acid concentrations (n as in panel C). (E) Mean normalized tail currents (G/Gmax) versus prepulse voltage relationships for RA/RA traces as in panel (B) at various tannic acid concentrations (n as in panel C). (F) In silico docking by SwissDock showing predicted binding poses for gallic acid in KCNQ3. (G) In silico docking by SwissDock showing predicted binding pose for gallic acid in KCNQ3 close to W265. (H) In silico docking by SwissDock showing predicted binding pose for gallic acid in KCNQ3 close to R242. (I) Exemplar TEVC traces of oocyte-expressed wild-type and mutant KCNQ2/3 in the absence (control) and presence of gallic acid (100 μM). (J) Fold-change in wild-type and mutant KCNQ2/3 tail current (after a –70 mV prepulse) at various gallic acid concentrations for oocytes recorded as in panel I. Wild-type: n = 6; WL/WL, n = 5–7; RA/RA, n = 6–8, except 250, 500 μM: n = 4–5. (K) Exemplar TEVC traces of oocyte-expressed wild-type KCNQ2/3 in the presence of tannic acid (100 μM) with either gallic acid or quercetin (100 μM). (L) Mean normalized tail currents (G/Gmax) versus prepulse voltage relationships for wild-type KCNQ2/3 in the presence of various gallic acid, tannic acid and/or quercetin combinations as indicated (n = 12–13 except: gallic acid, n = 6; tannic acid, n = 8). (M) Comparison of effects of the plant extracts named (1:50 dilution) on the resting membrane potential of oocytes expressing wild-type (black) versus RA/RA mutant (red) KCNQ2/3 channels (n = 4–11). Wild-type data is from Figure 1D. (N) Comparison of effects of the plant extracts named (1:50 dilution) on the tail current following a –60 mV prepulse recorded in oocytes expressing wild-type (black) versus RA/RA mutant (red) KCNQ2/3 channels (n = 4–11). Wild-type data is from Figure 1D.


Gallic acid had much weaker effects than tannic acid at 100 μM (Figure 5) but we studied it further, as in previous studies of plants we discovered summative or synergistic effects of their constitutive compounds on specific channels (Manville and Abbott, 2018; Redford and Abbott, 2020). In silico docking predicted that in contrast to tannic acid, the much smaller gallic acid (170 Da, versus 1700 Da for tannic acid) is capable of adopting different binding positions, one close to KCNQ2/3-R213/R242 and one close to KCNQ2/3 S5 tryptophan W236/W265 (with which gallic acid is predicted to hydrogen bond) (Figures 8F–H). Gallic acid dose response studies examining fold-increase in tail current after a –70 mV prepulse, which was the most prominent effect of 100 μM gallic acid in the compound screen (Figure 5) generated two interesting findings. First, the EC50 for gallic acid augmentation of KCNQ2/3 current was 560 ± 3 nM at –70 mV (Figures 8I,J), 235-fold more potent than tannic acid under similar conditions (Figure 6E). Second, KCNQ2/3-WL/WL and KCNQ2/3 RA/RA channels were insensitive to gallic acid, even up to 1 mM (Figures 8I,J), consistent with the docking predictions of Figures 8F–H.

As gallic acid and tannic acid are both present in Arbutus sp. and other plants identified here to be KCNQ2/3-activating, we tested the effects of both gallic and tannic acids in combination (each at 100 μM). The effects were intermediate between those of each acid alone (Figures 8K,L). Taken together with the functional data above, these data are consistent with gallic acid being a relatively high-affinity partial agonist that interferes with tannic acid activation of KCNQ2/3 by competing for a similar binding pocket.

We previously found that quercetin negative-shifts the midpoint voltage-dependence of KCNQ1 and KCNQ2/3 activation (Redford and Abbott, 2020). Prior KCNQ1 docking and KCNQ1 and KCNQ2/3 mutagenesis data were consistent with quercetin binding sites on the VSD and F340 on S6, rather than in the retigabine/GABA binding pocket (Redford and Abbott, 2020). As some KCNQ2/3-activating plants identified herein contain both quercetin and tannic acid, we applied a combination of both (each at 100 μM) and found that rather than competing, quercetin augmented the KCNQ2/3-opening effect of tannic acid, permitting the tannic-acid-induced constitutive activation at –80 mV while also steepening the G/V curve compared to tannic acid alone (Figures 8K,L). These data, like the docking predictions, are consistent with distinct and non-competing binding locations for quercetin and tannic acid.

We next tested whether the tannic acid binding site mutations (KCNQ2/3-RA/RA) affected efficacy of the plant extracts. Compared to wild-type KCNQ2/3 channels, KCNQ2/3-RA/RA channels were much less responsive to three of the most efficacious plant extracts (A. glandulosa, A. menziesii, H. maximum) with respect to ability to hyperpolarize EM (p < 0.05) (Figure 8M). In contrast, U. dioica had a stronger membrane hyperpolarizing effect on cells expressing KCNQ2/3-RA/RA channels than on those expressing wild-type KCNQ2/3 (p = 0.008) (Figure 8M). KCNQ2/3-RA/RA channels were less responsive to all four of the above plant extracts versus wild-type KCNQ2/3 with respect to increased activity at –60 mV, with two of these comparisons reaching a p value < 0.05 (U. dioica and H. maximum) (Figure 8N). The apparently paradoxical effects of U. dioica (greater effect on EM in KCNQ2/3-RA/RA channels than on wild-type KCNQ2/3 but the reverse with respect to current increase at –60 mV) may be explained by the fact that U. dioica contains quercetin, which we previously found to act at sites on the S6 and the top of the voltage sensor, rather than at the S4-5 arginine (Redford and Abbott, 2020). Quercetin negative-shifts the voltage dependence of KCNQ2/3 activation but does not induce a constitutive current at –80 mV (Redford and Abbott, 2020), in contrast to tannic acid. Therefore, with the site required for tannic acid effects removed, it is possible that effects of quercetin were uncovered. The data are consistent with tannic acid, gallic acid and/or other compounds that require the S4-5 linker arginine, and quercetin, contributing to the KCNQ2/3-activating effects of the plant extracts tested.

Many compounds exhibit higher potency in mammalian cells than in Xenopus oocytes, and tannic acid was no exception. Whole-cell patch-clamp electrophysiology studies showed qualitatively similar augmentation by tannic acid of constitutive current at –80 mV and inhibition at more positive voltages, for human KCNQ2/3 expressed in CHO cells (Figures 7A–D), yet at much lower doses than for oocyte studies. Hence, the tannic acid EC50 for KCNQ2/3 current augmentation in CHO cells was 175 ± 83 nM at –80 mV (n = 10) (Figure 7E).



Tannic Acid Exerts KCNE-Dependent Effects on KCNQ1 Channel Activity

The eight plant extracts used by Native Americans as traditional analgesics that we found to open KCNQ2/3 channels are also documented as being used as gastrointestinal aids by Native North American populations, in geographically and culturally distinct populations that suggest independent discovery and use in some cases by different tribal groups (Moerman, 2009; Figure 2). We scored each of the 40 extracts based on reported traditional medicinal use in each of 3 categories: pain/rheumatism, dermatological/burns, and gastrointestinal aids (Supplementary Table 1). Strikingly, comparing the eight KCNQ2/3-activating extracts with the 32 non-KCNQ2/3-activating extracts, a score of 3 (i.e., use in 3 of the categories) was almost exclusively predictive of KCNQ2/3 activation ability (6/8 activators versus 1/32 non-activators) while a score of 0-1 (i.e., use in 0–1 of the categories) was exclusively linked to inability to activate KCNQ2/3 (0/8 activators versus 25/32 non-activators). KCNQ2/3 activators had a mean score of 2.8 ± 0.1, while non-activators had a mean score of 0.6 ± 0.2 (n = 40; p = 2.0 × 10–7) (Figure 9A).
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FIGURE 9. Tannic acid exerts dual effects on KCNQ1. All error bars indicate SEM. n = number of oocytes. (A) Medicinal use score (see Supplementary Table 1) for KCNQ2/3 activating versus non-activating plant extracts studied herein. (B) Exemplar TEVC traces of oocyte-expressed KCNQ1 in the absence (control) and presence of tannic acid (250 μM). (C) Mean tail current (left) and normalized tail current (G/Gmax; right) versus prepulse voltage relationships for traces as in panel (A) at various tannic acid concentrations (n = 8). (D) Tannic acid dose response for KCNQ1 current increase at –80 mV for oocytes as in panel (B) (n = 8). (E) Scatter plot of unclamped membrane potential (EM) for KCNQ1-expressing oocytes as in panel (B) at various tannic acid concentrations (n = 6–7). Statistical analysis by one-way ANOVA indicated no statistically significant differences between groups. (F) Exemplar TEVC traces of oocyte-expressed KCNQ1 in the presence of 100 μM quercetin alone or with tannic acid (100 μM) (n = 5). (G) Mean tail current versus prepulse voltage relationships for traces as in panel (F) at various tannic acid concentrations (n = 5); best fit lines from panel (C) shown for comparison.


In the same gene subfamily as KCNQ2 and KCNQ3 but with very different roles and tissue localization, KCNQ1 is predominantly expressed in gastric and endocrine epithelial tissues, as well as the heart and inner ear (Abbott, 2014). KCNQ1 sensitivity to tannic acid was not previously reported. Here, we found that tannic acid constitutively opened KCNQ1 at –80 mV and inhibited it at more positive potentials (Figures 9B–D), leading to modest tannic acid-induced hyperpolarization of EM in oocytes expressing KCNQ1, although this did not reach statistical significance (Figure 9E).

We previously found that quercetin enhances both activation and inactivation of homomeric KCNQ1 channels, inducing visible voltage-dependent decay at depolarized potentials (Redford and Abbott, 2020), recapitulated here (Figure 9F). We applied a combination of tannic acid and quercetin to KCNQ1 and found that the combination was not as effective as tannic acid alone in inducing constitutive current, but the current at less hyperpolarized potentials was inhibited more effectively than for either compound alone. In addition, tannic acid prevented speeding of inactivation by quercetin (Figures 9F,G).

One gastrointestinal therapeutic application of tannic acid is as an anti-diarrheal agent, for instance in piglets immediately after weaning (Yu et al., 2020). In the intestine, KCNQ1 co-assembles with the KCNE3 single transmembrane segment ancillary subunit, creating a heteromeric, constitutively active potassium channel that regulates chloride secretion (Schroeder et al., 2000). Inhibition of KCNQ1-KCNE3 by another compound was previously demonstrated to be a mechanism for treating diarrhea (Bajwa et al., 2007). Strikingly, we found that tannic acid (100 μM) inhibited KCNQ1-KCNE3 current by 55–75% across all voltages (Figures 10A–C), causing a mean +27 mV depolarization of oocytes expressing KCNQ1-KCNE3 (Figure 10D).
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FIGURE 10. Tannic acid exerts KCNE-specific effects on KCNQ1 channel complexes. (A) Exemplar TEVC traces of oocyte-expressed KCNQ-KCNE3 channels in the absence (control) and presence of tannic acid (100 μM) (n = 8). (B) Mean tail current (left) and normalized tail current (G/Gmax; right) versus prepulse voltage relationships for traces as in panel (A) (n = 8). (C) Tannic acid-induced tail current fold-change versus prepluse voltage for oocytes as in panel (A). (D) Scatter plot of unclamped membrane potential (EM) for KCNQ1-KCNE3-expressing oocytes as in panel (A) in the absence (Ctrl) or presence of tannic acid (100 μM). Statistical analysis by one-way ANOVA. (E) Exemplar TEVC traces of oocyte-expressed KCNQ-KCNE1 channels in the absence (control) and presence of tannic acid (100 μM) (n = 9). (F) Mean tail current versus prepulse voltage relationships for traces as in panel (E) (n = 9). (G) Tannic acid-induced tail current fold-change versus prepluse voltage for oocytes as in panel (E). (H) Scatter plot of unclamped membrane potential (EM) for KCNQ1-KCNE1-expressing oocytes as in panel (E) in the absence (Ctrl) or presence of tannic acid (100 μM). Statistical analysis by two-way ANOVA.


Finally, we tested the effects of tannic acid on KCNQ1-KCNE1 complexes, which are expressed in human heart and inner ear. Tannic acid (100 μM) increased KCNQ1-KCNE1 current sixfold at –80 mV, inducing >20% constitutive activation for this otherwise relatively positive-activating channel (Figures 10E–G). Despite 50% inhibition of KCNQ1-KCNE1 peak current by tannic acid at +40 mV, there was a clear “locking open” effect at all voltages tested, likely resulting from cumulative activation in successive voltage pulses, such that at +40 mV, 50% of the prepulse KCNQ1-KCNE1 current was instantaneous (Figure 10E), in contrast to the normally slow-activating channel properties in the absence of tannic acid. This resulted in a >-15 mV hyperpolarization of EM of oocytes expressing KCNQ1-KCNE1 (Figure 10H).



DISCUSSION

Native North Americans used more than 3000 plant species for medicinal purposes (Moerman, 2009). Geographically distinct tribes often used the same plant genus, and in many cases the same species of plant, for similar and very specific therapeutic purposes (Figure 2). This suggests that tribes that may not have been in communication with one another independently discovered that certain plants were effective in the treatment of specific disorders. It should, however, be noted that there were thriving trade centers among different Native American tribal nations, whose members would travel in some cases hundreds of miles to barter their locally sourced goods for those of others. The Shoshoni, for instance, were very active traders, dealing with geographically distinct tribes from both the North American northwest and southwest. Bartered items included animal skins, meat, obsidian and quartzite for construction of sharp-edged tools and weapons, plant products including pumpkin, tobacco, corn, and also medicinal herbs. Thus, in addition to locally sourced medicinal plants, tribes may have had access to herbs from geographically distinct locations, and presumably knowledge of the indications for which they should be used, via trading. As few of the tribes developed written forms of communication, details of therapeutic uses of plants, such as species, optimal extraction, and plant combinations, were predominantly passed down the generations through oral tradition. Botanical medicine expertise and traditions could therefore be lost when practitioners perished.

Nevertheless, many records of traditional medicine use of plants have remained, albeit precise details are often lacking (Moerman, 2009). We found a striking preponderance among the plant extracts that activated KCNQ2/3, of historical use as primarily topical analgesics and treatments for burns, sores, insect bites and stings (Figure 2). Many were historically prepared as poultices for the skin or, e.g., for Cow Parsnip, as a topical analgesic for toothache. KCNQ channels, including KCNQ2/3 heteromers, are expressed in peripheral nociceptive pathways and their activation can reduce responsiveness to stimuli (Passmore et al., 2003; Passmore et al., 2012). The antinociceptive effects of Arbutus andrachne L. and U. dioica extracts following systemic administration have been previously reported (Dhouibi et al., 2018; Jaffal et al., 2020), but we report the first demonstration of the antinociceptive efficacy of A. menziesii and U. dioica administered locally, better recapitulating their use primarily as topical analgesics (often on broken skin such as sores, wounds and burns) by Native Americans. Furthermore, we also demonstrate for the first time that their action is KCNQ-dependent and provide evidence for several active components within the plants that underlie effects on KCNQ channel activity.

Our data demonstrate that KCNQ channel activation is a prominent underlying mechanism of action of at least two of the traditional plant remedies (A. menziesii and U. dioica) we found to activate KCNQ2/3 channels in vitro. Consistent with use of tannic-acid containing, KCNQ2/3-activating plants as topical analgesics, others previously found that tannic acid is effective as a topical agent for improvement burn wound healing and reducing burn pain, and for osteoarthritis (Halkes et al., 2001; Smith and Jacobson, 2011). In addition, prior studies on tannic acid activation of KCNQ2/3 suggested particular utility for tannic acid in treating bradykinin-associated inflammatory pain, which might result from burns but also arthritis and rheumatism (Zhang et al., 2015), both indications for which Native Americans utilized the KCNQ2/3-activating, tannic acid-containing plants described herein.

All the plants we found to activate KCNQ2/3 were used as gastrointestinal aids, in addition to their use as analgesics. Use of the same plant species for two such apparently disparate indications is herein explained by the ubiquity and diversity of the various KCNQ channels isoforms and their pharmacological flexibility bestowed by KCNE regulatory subunits (Anantharam et al., 2003; Panaghie and Abbott, 2006; Wrobel et al., 2016). One common specific gastrointestinal indication of the plants identified in the KCNQ2/3 activation screen was to ameliorate diarrhea (Moerman, 2009). Interestingly, tannic acid is effective in ameliorating diarrhea in piglets post-weaning (Yu et al., 2020). Furthermore, inhibition of intestinal basolateral KCNQ1-KCNE3 channels using fenofibrate was previously found to inhibit cAMP- or cGMP-stimulated Cl– secretion (which is regulated by KCNQ1-KCNE3) in response to, e.g., heat-stable enterotoxin, and suggested as a safe, effective antidiarrheal drug (Bajwa et al., 2007). Given these findings, we investigated additional effects of tannic acid - which is present in several of the plant extracts we discovered to activate KCNQ2/3 - and found that it inhibits KCNQ1-KCNE3 across the voltage range. This effect is KCNE3-dependent as tannic acid effects on both KCNQ1 and KCNQ1-KCNE1 were more similar to those on KCNQ2/3, i.e., augmenting at hyperpolarized potentials. The versatility of tannic acid in augmenting KCNQ2/3, KCNQ1, and KCNQ1-KCNE1 activity at hyperpolarized potentials but inhibiting KCNQ1-KCNE3 mechanistically rationalizes the use by Native Americans of tannic acid-containing plants as both topical analgesics and antidiarrheals. We found a tannic acid EC50 of 175 nM for activation of KCNQ2/3 channels when expressed in mammalian cells; others previously found low-μM EC50 values using a different voltage protocol and HEK cell expression (Zhang et al., 2015) whereas we used CHO cells. Either of these potencies are well within the range that could be achieved on, e.g., an affected broken skin surface or in the intestinal epithelia, either by topical application or by ingestion, respectively, given that polyphenol levels in the plasma, for example, can reach in the hundreds of μM after consumption of polyphenol-rich foods (Manach et al., 2004). Inhibition of KCNQ1-KCNE1 (IKs) channels in the heart, such as occurs in our experiments with tannic acid in oocytes, would potentially be arrhythmogenic, yet this effect has not been reported in instances for which tannic acid has been used, e.g., as an antidiarrheal drug (Yu et al., 2020). The likely explanation is that the ingestion of tannic acid at the dose needed to inhibit channels expressed in the gut epithelium would not be sufficient to produce high enough free tannic acid plasma levels to access and modulate channels in the heart; this explanation is supported by, e.g., previous findings that tannic acid binds to endogenous proteins in the intestinal lumen, probably limiting its absorption compared to, e.g., catechin (Carbonaro et al., 2001).

In summary, Californian coastal redwood forest plants are a rich source of bioactive molecules and have been used extensively as food and medicine by the indigenous peoples of what is now Marin County. Similar plants (same genus and in some cases same species) to those in the redwood forests were used across North America by many different tribes, often for analogous therapeutic indications. Our random sample in Muir Woods revealed that more than 20% of plants were able to activate KCNQ2/3 potassium channels. While tannic acid, gallic acid and/or quercetin likely underlie the action of several of the plants we identified to activate KCNQ2/3, it is feasible that other small molecules contribute that remain to be characterized. Larger-scale screens across plants from varied habitats may reveal higher-potency small molecules with KCNQ2/3-activating properties that have drug potential, given the high hit-rate from our smaller screen. However, the rush to reduce to a single drug-like active component can be counterproductive, potentially sacrificing safety, efficacy or both in favor of convenience and scalability. Indigenous Native American herbalists were undoubtably adept at their art and there is still much to learn from their techniques and approaches. The therapeutic utility and versatility of Californian native plants further highlights the absolute necessity to prevent and reverse the damage done to their habitats by climate change and other factors.
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